Abstract Contacting clinicians to convey critical results is a critical part of radiology workflow, but many obstacles prevent easy and timely communication. Integration of radiology applications and workflow with an EHR-based patient coverage database demonstrated subjective and objective improvement in radiologist workflow and satisfaction.
Introduction/Background
Barriers to radiologist-clinician communication have been identified particularly since the introduction of Picture Archiving and Communication Systems (PACS) [1] . Contacting clinicians to convey critical results in a timely manner is considered best practices at many institutions and indeed by the American College of Radiology [2] [3] [4] [5] [6] . However, it is sometimes very difficult to find the appropriate referring clinician in order to convey critical results [7] . At our institution, it has historically been difficult to find the appropriate covering clinician for many reasons: changes in patient location, transfer of service coverage, shift changes, undocumented contact information, missing patient information, and discrepancies between ordering and covering clinicians.
An example of a representative order from our institution will likely look familiar to many radiologists (Fig. 1) . The requesting physician field is blank; the only physician listed is a high-level department chair who is almost certainly not the appropriate clinician to contact with a critical finding. The phone number and pager number for the requesting physician as well as the critical result contact number fields are all blank. There is no information regarding patient location or unit phone number. Historically, if we had a critical result for such an exam, it would be a difficult exercise to find the right clinician to receive that information.
Materials and Methods/Methods
This study was exempted from full review by our institutional review board (IRB).
In July of 2014, our institution installed a new system to track inpatient-team-provider relationships in real time (BCORES Smart Handoffs^; TransformativeMed Inc.; Seattle WA). This application was embedded into our electronic health record (EHR), and clinicians used it to track which hospitalized inpatients they were responsible for as well as notes, checklists, and other clinical tools (Fig. 2) .
Radiologists have access to our EHR including the CORES application and information, but the barrier of leaving the radiology environment and workflow in addition to other documented usability barriers with EHRs [8] proved to be far too high and radiologists rarely accessed this information. We then developed a plugin for our PACS to integrate the patient coverage information from this tool directly into our radiologist workflow. With a single click (Fig. 3) , context-specific coverage information is displayed in a small Web page within PACS (Fig. 4) . Because of the patient and radiologist context awareness of our plugin, the user can then page one of the covering clinicians by a single click with a prepopulated message that includes patient and exam information as well as the phone number nearest the radiologist (Fig. 5) .
In an attempt to objectively measure the impact of this tracking system and PACS plugin on radiologist workflow, we developed a randomized trial design. Radiologist users were randomized to either use their old methods of clinician contact or the CORES plugin when they clicked the CORES button in PACS. Our system logged information related to each radiologist and exam. Once a combination of radiologist and exam accession number had been randomized, the randomization would be Bsticky^so a user could not game the system by repeatedly requesting CORES information in an attempt to get re-randomized. We used a critical result turnaround time metric to determine whether there was improvement between old methods and the new CORES plugin. This metric is defined as the time between recognition and communication of a critical result; our hypothesis was that it would decrease using the CORES plugin. Because our department mandates the use of a standard template for documentation of critical result communication (Fig. 6 ), we can automatically parse this data from incoming Health Level 7 result messages for radiology reports and store it in a database for further analysis. A survey was also distributed within our department to evaluate for more subjective assessment of change in workflow and satisfaction.
Results
Prior to implementation of our system, there were 211 exams where critical results were communicated during a 3-month baseline period (June 1, 2014 to September 1, 2014). The average critical result turnaround time during this period before any awareness of our new system was 11.2 min.
Our randomization period from September 5, 2014 to October 3, 2014 was ended after only 4 weeks because of extremely high radiologist satisfaction such that we chose to end our trial early because of what was perceived as obvious benefit. During that period, we completed 13,781 total exams of which 3550 were inpatient exams where radiologists would expect CORES coverage information to be available. Thirtysix users participated during the trial period involving 338 exams which was 9.5% of inpatient exams. One hundred sixty of these exams were randomized to use the new CORES system, and 178 were randomized to use their old methods. A total of 555 requests were made to the CORES system and 96 pages were sent using the automated pre-populated paging tool (Fig. 7) .
Of the 160 exams that were randomized to use the CORES system, 12 had critical results with an average critical result turnaround time of 6.9 min. Of the 178 exams that were randomized to use old methods, 16 had critical results with an average critical result turnaround time of 11 min which was very similar to the pre-implementation critical result turnaround time of 11.2 min. Critical result communications using the CORES plugin had a shorter mean turnaround time, but the results were not quite significant (p value 0.068; unequal variances t test). This may have been due to inadequate power as we stopped our randomization period early due to overwhelming subjective support, but also could be related to a number of potential weaknesses in measuring critical result turnaround time that are discussed below.
Thirty-seven radiologists responded to our survey of which 21 were attendings, 15 residents, and 1 fellow. Thirty-five (94.6%) had used the CORES plugin. Prior to development of this plugin, the respondents used a wide variety of methods to find covering clinicians ranging from calling the operator, calling a floor, paging someone, or asking a resident to do it for them. On a scale of 1-5, most respondents (88.6%) rated these methods as a 2 or 3 and estimated it that took an average of 12 min to find the correct covering clinician (Fig. 8) .
On a scale of 1-5, 29 (82.9%) rated the plugin as a 5 for ease-of-use and 35 (100%) rated the plugin as a 4 or 5 in terms of reliability (Fig. 9) . Respondents estimated it that took an average of 4 min to find the correct covering clinician when using the plugin. Twenty-eight (87.5%) rated the paging interface as a 5 on a scale of 1-5, and the vast majority gave a rating of 4 or 5 in terms of accuracy of the prepopulated page (96.9%) and success of the page getting to the correct person (100%) (Fig. 10) . Overall, 28 respondents (80%) gave an (Fig. 11) .
Sample free-text comments included the following: Nothing short of a miracle -from conception to execution. This satisfaction has been borne out in usage statistics. Since the plugin was instituted, 145 distinct radiologists have used the system involving 20,921 exams. A total of 21,200 requests for coverage information have been made through the CORES plugin and 10,362 pages have been sent. One resident who took the bulk of their call during the past 2 years sent 799 pages themselves through the plugin (Fig. 12) . The system is in continual use today, and while usage fluctuates, there has been persistent usage as of most recent data from June 2016 (Fig. 13) .
Discussion
Once an institution uses a patient coverage tracking system such as CORES, it is technically feasible to integrate this highly relevant coverage information directly into radiologist workflow. This integration streamlines the process of contacting referring clinicians and results in highly improved workflow and radiologist satisfaction. Objective metrics demonstrate improvement that may have become statistically significant given enough time and power. Survey results and usage statistics confirm that radiologists overwhelmingly believe that this integration dramatically improves workflow and user experience.
One of the main limitations of this model is the accuracy of the coverage database. The clinicians in our institution reliably use the CORES system because it integrates directly into our EHR and because clinical services use it to transfer notes and document to-do lists, thus providing incentives to use the system beyond just coverage information. Without associated incentives that provide direct benefit to clinicians, as in our case, we believe that it would be difficult to get clinicians to reliably and accurately participate just for the sake of radiologist or other consulting physician convenience. We have been fortunate that it works as well as it does at our institution, but this may not always be achievable and likely depends on institutional policy and workflow. In fact, we attempted to institute this plugin at a sister hospital within our healthcare system, and it did not work well at all because of poor usage and inaccuracies in their CORES database. Finally, the coverage database is only used at our institution for inpatients, but other patient classes are generally much easier to communicate critical results; our emergency department is available through a single phone number and outpatient orders have more reliable contact information. In fact, we have used outpatient order information to populate the paging component of our plugin where CORES data is not available and this works quite well.
There are some technical challenges in integrating with PACS, sharing relevant context information, creating a lookup table of computer names and phone numbers, and integrating with the paging system, but these can generally be overcome with the right resources.
Related specifically to our project, there are some weaknesses that likely confounded our results. The best objective metric we could come up with relied on critical result communication templates as described above. These data are fairly easily mined, but can be subject to both human transcription and computer parsing error. Additionally, we rely on radiologists to use recall to determine when these timestamps occurred which means we often see turnaround times of 5, 10, and 15 min because it is a round number approximation of communication time good enough for underlying documentation and compliance purposes. These timestamps are also frequently entered at the time of report finalization; so, if one sees a finding, then communicates it to a clinician, and then finishes editing a report before signing, one likely uses somewhat imprecise memory recall to enter the template timestamps. Nevertheless, we believe that this provided interesting objective insight into the quality of our implementation.
Conclusions
Building a plugin to integrate clinician coverage information into radiologist workflow is technically feasible, fairly straightforward, and results in dramatic improvement in radiologist satisfaction and subjective assessment of workflow.
